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osting by E
cense.Abstract This paper deals with the simultaneous removal of sulfur from commercial kerosene at
room temperature using sorbents containing NiFe2O4 nanoparticles. The nanocrystalline NiFe2O4
based sorbents were prepared using the combustion route. The effect of fuel content on the surface
properties and desulferization activity of Ni/Fe mixed oxide sorbents has been studied.
It was observed that incorporation of metal cations (Ni2+) into the hematite (a-Fe2O3) crystal
structure alters the surface properties and desulferization activity of the investigated oxides, which
in turn depends on the nature and concentration of the incorporated metal cation and the released
heat during the combustion process. The effect of fuel content in modifying the resultant surface
area could be directly related to the variations in the rate of crystal growth of the solids studied
depending upon preparation temperature. Interestingly, all the prepared ferrites exhibit a narrow
pore size distribution in the range of 0.9–2 nm. The capacity of NiFe2O4 to adsorb sulfur from com-
mercial kerosene was evaluated in terms of their textural and chemical characteristics.
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lsevier1. Introduction
The desulfurizer plays a very important role in environmental
protection. Aiming at this purpose, there were many investiga-
tions about single metal oxide and mixed metal oxides as sor-
bents in the past (Slimane and Abbasian, 2001; Pineda et al.,
2000; Alonso and Palacios, 2001; Jun et al., 2001; Akyurtlu
and Akyurtlu, 1995; Chung and Chung, 2005; Hasler and
Doraiswamy, 2003; Zeng et al., 1999; Alonso et al., 2000; Zhao
et al., 2007). Iron-based sorbent has attracted people’s atten-
tion due to economic consideration and favourable dynamic
property and has been used for sulfur control in the fuels (Sli-
mane and Abbasian, 2001; Akyurtlu and Akyurtlu, 1995;
Tseng et al., 1981). Ferrite is one of the most important
358 N.M. Deraz et al.iron-based sorbents. Homogeneous, highly crystalline nano-
phased powders are needed for the different ferrites with a
wide range of technical applications such as oxidative dehydro-
genation of hydrocarbons, decomposition of alcohols, selective
oxidation of carbon monoxide, decomposition of hydrogen
peroxide, hydrodesulphurization, ferro-ﬂuids, magnetic drug
delivery and magnetic high-density information storage (Jiang
and Yang, 2007; Cheng et al., 2005; Song and Zhang, 2004).
The conventional methods for the preparation of powder
materials involve some soft chemical processes such as
sol–gel and precipitation methods, and the solid state reaction
of ﬁnely ground powders that are heated at temperatures
above at least 1000 C for up to several days. The calcination
at elevated temperatures can strongly affect the size of parti-
cles, surface, catalytic and magnetic properties of ferrites and
usually results in a hard aggregation between their particles.
To avoid the unwanted crystallite coarsening and particle
aggregation, attempts have been made to synthesize nanopar-
ticles without subsequent calcination. The combustion method
(Hlavacek, 1991; Yi and Moore, 1990; Tao et al., 1996) has
been introduced in some literature to speed up the synthesis
of complex materials. This method is characterized by its sim-
pler process, a signiﬁcant saving in time and energy consump-
tion over the traditional methods, and small crystallite size of
the resultants, latter of which may have an important inﬂuence
on the properties of the materials prepared.
Nickel ferrite is one of the most important spinel ferrites.
Nickel ferrite is an inverse spinel structure in which the tetra-
hedral (A) sites are occupied by Fe3+ ions and the octahedral
(B) sites are occupied by Ni2+ and Fe3+ ions in the spinel for-
mula AB2O4. The preparation technique plays an important
role in modiﬁcation of the structural, morphological and mag-
netic properties and also in distribution of the various ions be-
tween tetrahedral and octahedral sites (Alariﬁ et al., 2009;
Khan and Smirniotis, 2008). The performance of spinels con-
taining transition metal ions is inﬂuenced by the acid–base
and redox properties of these ions as well as by their distribu-
tion among the octahedral and tetrahedral sites in the spinel
structure. If one can facilitate tetrahedral sites to expand and
octahedral sites to contract, an improvement in co-valence of
the system could result in better activity depending upon the
promotion electron hopping between these sites
(Fe2+M Fe3+) (Yumoto et al., 1997).
Sulfur control in fuels is one of the most important prob-
lems for environmental protection, whereas the called zero sul-
fur fuels (below10 ppm) will be required in the future for the
application of new exhaust gas cleaning technologies intro-
duced by automobile manufacturers. In this connection, the
terms ‘‘deep desulfurization’’ and ‘‘ultra-low sulfur fuels’’ have
appeared in the literature recently (Yumoto et al., 1997; Lan-
dau, 1997; Pedernera et al., 2003; Zdrazil, 2003). Tawara
et al. (2001) and Babich and Moulijn (2003) studied the use
of Ni/ZnO catalyst as sorbent for desulfurization of kerosene
for fuel-cell applications, where nickel reacts with sulfur under
hydrogen to form NiS, which consequently react with ZnO to
form ZnS and regenerate nickel. Other authors used a mixture
of zinc, copper, titanium and/or cobalt oxides as tri-metal
oxide catalysts (Sasaoka et al., 1999; Jun et al., 2002; Zaki
et al., 2005). More recently using ferrites is a potential candi-
date for high temperature sulfur removal from reductive envi-
ronment. As for desulfurization by adsorption, a variety of
adsorbents or adsorption processes have been investigated(Song and Ma, 2003; Song, 2003; Yang, 2003; Hernandez-
Maldonado and Yang, 2004; Zhou et al., 2006; Yang et al.,
2007; Sato et al., 2006; Sano et al., 2005; Salem, 1994; Salem
and Hamid, 1997; Velu et al., 2003). One of the promising
new approaches is selective adsorption which can be per-
formed at ambient temperatures and pressures. The key chal-
lenge of this approach is the development of adsorbents with
high adsorption capacities for sulfur compounds. Ferrites are
important alternatives as adsorbents due to their adsorption
capacities as well as thermal and mechanical stabilities (Collins
et al., 1997; Mikhail et al., 2002; Ma et al., 2002; Aladin et al.,
2004; Shan et al., 2004; Jiang et al., 2003).
The present work reports and discusses the results of the ef-
fects of fuel content on the speciﬁc surface area, mean pore ra-
dius, total pore volume, pore size distribution and the
desulferization performance of Ni/Fe mixed oxides system.
The surface and catalytic properties of the investigated solids
were determined by N2 adsorption at 196 C and removal
of sulfur from commercial kerosene.2. Experimental
2.1. Materials
Six mixed oxide samples were prepared by mixing calculated
proportions of nickel and iron nitrates with different amounts
of glycine as fuel. The mixed precursors were concentrated in a
porcelain crucible on a hot plate at 300 C for 10 min. The
crystal water was gradually vaporized during heating and
when a crucible temperature was reached, a great deal of
foams produced and spark appeared at one corner which
spread through the mass, yielding a brown voluminous and
ﬂuffy product in the container. In our experiments, the ratio
of the glycine:Ni(NO3)2Æ6H2O:Fe(NO3)3Æ9H2O were (0, 1, 2,
4, 6 and 8):1:2 for N1, N2, N3, N4, N5 and N6 samples,
respectively. The chemicals employed in the present work were
of analytical grade supplied by Prolabo Company. It had been
reported that the ratio of glycine to nitrates (G/N) had a
strong impact on the experimental temperature and also a
higher G/N ratio would lead to a higher temperature
(Tao et al., 1997).
2.2. Surface properties of sorbents
The surface characteristics of various solid sorbents, namely,
The speciﬁc surface area (SBET), total pore volume (Vp) and
mean pore radius (r´) were determined from nitrogen adsorp-
tion isotherms measured at 196 C, using Nova 2000, Quanta
Chrome (commercial BET unit). Before undertaking such
measurements, each sample was degassed under a reduced
pressure of 105 Torr for 2 h at 200 C.
2.3. Adsorptive desulfurization test
Commercial kerosene produced by Cairo Reﬁning Company
employed for adsorptive desulfurization tests. A sample of
0.3 g was immersed in 20.0 ml kerosene in a 50 mL glass vessel
at ambient temperature for 100 h. This concentration (0.3 g
catalyst sample to 20.0 ml kerosene) was determined consider-
ing actual desulfurization systems in fuel cells. The kerosene
Figure 1 N2 adsorption/desorption isotherms for the N1, N2,
N3, N4, N5 and N6 sorbents.
Table 1 The effects of the G/N ratio on surface properties of
the as synthesized solids.
Solids G/N ratio SBET (m
2/g) St (m
2/g) Vp (cc/g) r
0 (nm)
N1 0.00 146 131 0.1608 1.8
N2 0.33 74 75 0.1467 1.8
N3 0.67 44 43 0.1143 1.8
N4 1.33 23 24 0.0404 1.8
N5 2.00 10 10 0.0231 2.2
N6 2.67 4 4 0.0097 2.8
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few times every day. The adsorption time of 100 h was con-
ﬁrmed to be sufﬁcient to reach equilibrium adsorption. The
treated kerosene was then separated from the adsorbent. The
total sulfur content of the kerosene was evaluated using a sul-
fur analyzer. The total sulfur content measured for untreated
kerosene was 0.31 wt.% (310 ppm).
3. Results and discussion
We reported in our previous study that NiFe2O4 nanoparti-
cles have been synthesized successfully via calcination of mix-
ture Ni/Fe nitrates and glycine in air at 300 C for 10 min
(Alariﬁ et al., 2009). However, it found that the N1 sample
consisted of amorphous solid which has not been detected
by XRD technique. Increasing amount of glycine added in
various samples (N2, N3, N4 and N6) brought about com-
plete conversion of un-reacted oxides to well crystalline spi-
nel nickel ferrite as the single-phase with subsequent
increase in the crystallite size, lattice constant and unit cell
volume of the produced ferrite depending upon an increase
in the ﬂame temperature which assists crystal growth and/
or the redistribution of cations among octahedral and tetra-
hedral sites.
3.1. BET investigation of sorbents
The obtained isotherms were similar to each other for all inves-
tigated adsorbents. The obtained isotherms belong to type II
of Brunauer’s classiﬁcation with hysteresis loops closing at rel-
ative vapour pressure (P/Po) of 0.62–0.72 (Brunauer, 1945).
Representative adsorption/desorption isotherms for nitrogen
on Ni/Fe mixed oxides system are given in Fig. 1. The various
surface characteristics, namely, SBET, Vp and r
0 of various sol-
ids were determined from N2 adsorption isotherms conducted
at 196 C. All the isotherms displayed common characteris-
tics, the different surface parameters of various investigated
solids are given in Table 1. This table includes also another ser-
ies of speciﬁc surface areas, St, which were calculated from
V1t plots of various adsorbents. The V1t plots (not given)
were constructed using convenient t-curves depending on the
magnitude of the BET-C constant for each adsorbent. It is
clear from Table 1 that the SBET and St are close to each other,
thereby justifying the correct choice of standard t-curves and
showing the presence of micropores in the samples. The data
in Table 1 also show that the speciﬁc surface areas of the mixed
solids decreased by increasing the G/N ratio.
This decrease could be attributed to a pore-widening pro-
cess depending upon decrease of the total pore volume and in-
crease of the mean pore radius of the tested solids. It was
reported that SBET of the N1 sample measures about
146 m2 g1 and drops suddenly to about 4 m2 g1 for the N6
sample. The maximum increase in mean pore radius is
55.6% for the N6 specimen, while the maximum decrease in
its speciﬁc surface area and total pore volume are 97% and
94%, respectively. The observed decrease in both SBET and
Vp of the mixed solids due to the rise in the G/N ratio could
be attributed to grain growth and/or the conversion of both
NiO and Fe2O3 into NiFe2O4 via the solid state reaction be-
tween these oxides. Combined with XRD and SEM results,
we found that the formation of NiFe2O4 crystallites enhancedto an extent was proportional to the G/N ratio (Alariﬁ et al.,
2009).
More detailed information on the porosity is available from
the pore volume distribution curves shown in Fig. 2 con-
structed by plotting DVp/Dr against the pore radius (Wanga
et al., 2009; Brunauer et al., 1968). It is seen from Fig. 2 that
the investigated solids exhibited models distribution in which
most of the pores were located in the micro-pore range. How-
ever, the maxima of the pore volume distribution curves are lo-
cated at range of 0.9–2 nm. The heights of these distribution
curves decrease by increasing the G/N ratio, indicating that
the combustion process with the excess glycine fuel is
Figure 2 Pore size distribution for the N1, N2, N3, N4, N5 and
N6 sorbents.
Table 2 Effect of contact time on the sulfur adsorption and k-
values for different solids.
Solids Time, h
24 48 72 96 120 103k, min1
N1 62 123 170 173 175 00.86
N2 88 202 250 251 253 08.60
N3 120 230 275 279 280 16.80
N4 176 266 290 300 301 23.30
360 N.M. Deraz et al.accompanied by a decrease in the porosity of the investigated
solids. This decrease parallels the decrease in surface area.
3.2. Adsorptive desulfurization tests
Preliminary experiments showed that the kinetic of removal of
sulfur from commercial kerosene in the presence of various
Ni/Fe oxides based materials were monitored by measuring
the volume of sulfur adsorbed at different time intervals until
equilibrium was attained. The results obtained showed that theFigure 3 First-order kinetics plots for desulferization process at
room temperature over Ni/Fe mixed oxide sorbents.adsorption (desulfurization) process followed ﬁrst-order kinet-
ics in all cases. The slope of the ﬁrst-order plots allowed the
ready determination of the reaction rate constant, k, measured
at room temperature for a given sample. Fig. 3 depicts repre-
sentative ﬁrst-order plots of the desulfurization process carried
out at room temperature on Ni/Fe oxide sorbents. The effect
of solid state reaction between Ni and Fe oxides on the activ-
ities of various Ni/Fe-based sorbents in desulfurization are bet-
ter investigated by comparing the k values measured over
different solids. The results obtained are listed in Table 2.
The effects of contact time on the sulfur adsorption over
nickel ferrite at room temperature in commercial kerosene
are shown in Fig. 4. It shows from this ﬁgure that the adsorp-
tion processes are fast and most of the sulfur is adsorbed with-
in 72 h. However, an increase of the adsorption time from 24
to 96 h brought out an increase in the sulfur adsorption capac-
ity for different catalyst samples N1, N2, N3, N4, N5 and N6
from 62, 88, 120, 176, 180 and 190 ppm to 173, 251, 279, 300,
302 and 304 ppm, respectively, and then became almost con-
stant as shown in Table 2. As shown in Table 2, the N6 sample
has a good desulfurization activity than that of N1 sample.
The k values for the sulfur adsorption are 0.00086, 0.0086,
0.0168, 0.0233, 0.0302 and 0.0433 min1 for samples N1, N2,
N3, N4, N5 and N6, respectively. In other words, the increase
in the G/N ratio at all contact times led to an increase in the
activity of solids towards the sulfur removal. This increase
could be attributed to the enhancement of the nickel ferrite
formation depending upon the G/N ratio.
The inﬂuences of adsorbent dose on the uptake and re-
moval of sulfur from commercial kerosene at constant contact
time 72 h are shown in Fig. 5 and Table 3. The equilibrium
sorption capacity and removal percentage are sensitive to theFigure 4 Effect of contact time on the sulfur adsorption over the
N1, N2, N3, N4, N5 and N6 samples.
N5 180 270 295 302 303 30.10
N6 190 280 300 304 305 43.30
Figure 5 Effect of adsorption dose on the sulfur adsorption over
the N1, N2, N3, N4, N5 and N6 samples.
Table 3 Effect of adsorbent dose on the sulfur adsorption
using different samples.
Solids Adsorbent dose
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
N1 80 100 170 235 266 275 284 285
N2 90 133 250 282 292 300 300 300
N3 109 160 275 293 300 302 302 302
N4 120 183 290 295 302 305 306 307
N5 125 190 295 300 305 306 307 308
N6 130 200 300 305 308 308 309 310
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tigated solids towards sulfur removal from kerosene increases
as well as the adsorbent dose increases. In addition, this activ-
ity increases by increasing the G/N ratio due to increasing the
amount of nickel ferrite produced. The adsorption process in-
creased with increasing the adsorbent dose up to a certain va-
lue and then became almost constant. Inspection of Fig. 5
revealed that the adsorption equilibrium is achieved when
adsorbent dose was to 0.5 g L1.
The effective increase in the desulferization performance of
Ni/Fe sorbents by increasing the G/N ratio could not be attrib-
uted to the induced change in their speciﬁc surface areas. In fact
the increase in this ratio resulted in a signiﬁcant decrease in the
surface areas of the prepared solids, which might decrease also
their activity. This expectation has not been veriﬁed experimen-
tally since the activity of the investigated solids increased andnot
decreased by increasing the G/N ratio. One might think about
the role of thermal treatment in enhancing the formation of Ni-
Fe2O4 phase which acts as a very active desulferization sorbents.
It has been shown in our previous work (Alariﬁ et al., 2009) that
the increase in theG/N ratio of the system investigatedmuch en-
hanced NiFe2O4 formation. So, the effective enhancement of
nickel ferrite formationdue to increasing theG/Nratiowith sub-sequent an increase in the preparation temperature of the pre-
pared solids can stand for the observed increase in their
activities. So, one may conclude that sorbent sulfur capacity
over the system investigated is a structure-sensitive reaction,
i.e. is mainly dependent on the formation of well-ordered Ni-
Fe2O4 phase rather than the surface characteristics of this sys-
tem. Generally, the physico-chemical properties of the nickel
ferrite sorbent has essential effect in its activity towards desulfur-
ization, in such a manner that nickel ferrite is rich with different
electron deﬁcientmetals which acting as active sites for desulfur-
ization (Wanga et al., 2009). Thus, the good desulfurization per-
formance of the investigated solids can be attributed to electron
transition from Fe2+ to Fe3+ located in octahedral interstitials,
where the cation charges 2+ and 3+ always have to be consid-
ered as formal charges which are higher than the real cation
charges because of the covalent bonding character (Wanga
et al., 2009; Zhao et al., 2008).
4. Conclusions
The following conclusions may be drawn from the results
obtained in this investigation:
(1) Glycine-nitrate process, GNP, or combustion route was
applied to develop nickel ferrite based sorbents for
removal of sulfur from commercial kerosene. From our
previous investigation (Alariﬁ et al., 2009), XRD charac-
terization revealed that in the sample developed through
the GNP process, both surface and bulk nickel ferrite
were detected, which suggested that short-time exposure
to high temperature, and abrupt gas emission during the
GNP process efﬁciently promote the interaction of Ni
and Fe oxides, simultaneously keeping the particles
small. However, the excess Ni and Fe oxides were incor-
porated into the spinel NiFe2O4 crystallites depending
upon the released heat during combustion process.
(2) The augmentation in the G/N ratio brought about a
decrease in the surface area of the investigated solids
due to the increase in both crystallite size and mean pore
radius with subsequent a decrease in total pore volume
of the solids studied.
(3) The investigated ferrite exhibited high desulferization
behaviour of sulfur from a commercial kerosene. The
activity of this ferrite increased by increasing the fuel
content due to an increase the solid state reaction
between nickel and iron species yielding nano-crystalline
nickel ferrite particles which acts as the active sites in the
adsorption process studied. The increasing numbers of
effectively active sites for the N6 sample displayed
higher activity than the N1 sample towards removal of
sulfur from commercial kerosene.
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